ABSTRACT Quickly, accurately, and easily assessing the efÞcacy of treatments to control sessile arthropods (e.g., scale insects) and stationary immature life stages (e.g., eggs and pupae) is problematic because it is difÞcult to tell whether treated organisms are alive or dead. Current approaches usually involve either maintaining organisms in the laboratory to observe them for development, gauging their response to physical stimulation, or assessing morphological characters such as turgidity and color. These can be slow, technically difÞcult, or subjective, and the validity of methods other than laboratory rearing has seldom been tested. Here, we describe development and validation of a quick easily used biochemical colorimetric assay for measuring the viability of arthropods that is sufÞciently sensitive to test even very small organisms such as white ßy eggs. The assay was adapted from a technique for staining the enzyme hexokinase to signal the presence of adenosine triphosphate in viable specimens by reducing a tetrazolium salt to formazan. Basic laboratory facilities and skills are required for production of the stain, but no specialist equipment, expertise, or facilities are needed for its use.
Quickly, accurately, and easily assessing the efÞcacy of treatments for killing sessile arthropods (e.g., scale insects) and stationary immature life stages (e.g., eggs and pupae) is problematic because it is difÞcult to tell whether treated organisms are alive or dead. Researchers and farmers frequently encounter this problem when measuring the efÞcacy of pesticide applications and other treatments, and quarantine authorities face similar challenges when phytosanitary inspections reveal immobile organisms infesting traded goods, and they must decide whether a regulatory response is required (Follett and Neven 2006 , Pryke and Pringle 2008 , Arthur et al. 2009 ). Evaluating whether organisms are alive or dead is the main method used to verify the efÞcacy of all phytosanitary treatments except irradiation (Hallman et al. 2010) . Accurate viability assessment methods can also be critical to ecological research on arthropods (Klok et al. 2003) .
Assessing the viability of immobile organisms usually involves either maintaining them in the laboratory to observe whether or not they continue their development (Zettler et al. 2002, Johnson and , observing their response to physical stimulation (Follett 2004 , Zulhendri et al. 2012 , or assessing their turgidity (Barak et al. 2009 , Morse et al. 2009 ), color (Hara et al. 1993) , or both (Whiting et al. 1998 ). These approaches have limitations because laboratory rearing is slow and sometimes complex, and morphological assessments require signiÞcant technical skill and time, and can be subjective. There are few published assessments of the accuracy of morphological viability assessment methods, but it is likely that they sometimes either over-or underestimate mortality, depending on treatment and species. For example, Witherell (1984) compared turgidity and movement for measuring mortality of Hemiberlesia lataniae (Signoret) (Hemiptera: Diaspididae) following methyl bromide fumigation and concluded that turgidity could underestimate mortality because of the extended period required for scale insects to become desiccated. In contrast, we have observed eggs of Sitona spp. (Coleoptera: Curculionidae) that became abnormally crumpled and appeared desiccated, but nevertheless hatched (I.I.I., unpublished data).
Some studies have investigated biochemical approaches to improve viability assessment methods. Amylase concentration was studied in Pseudococcus comstocki Kuwana (Homoptera: Pseudococcidae) eggs following various fumigation and heating treatments (Nagornaya 1981) . Eggs were incubated in starch medium, which became hydrolyzed if sufÞcient amylase was present, as shown by subsequent addition of iodine. Variation in amylase activity was adequate to distinguish between dead and live nondiapausing eggs, but not between dead and live diapausing eggs. A similar approach to measuring lysozyme activity in live and dead P. comstocki eggs via its effect on bac-terial cultures gave inconclusive results (Nagornaya 1981) . Klok et al. (2003) estimated viability using a combination of 24-h observations of a larval leaf-minerÕs mobility, followed by overnight incubation in a tetrazolium red solution. Reduction of the tetrazolium salt to formazan provided an indication that the larvaÕs cells were metabolically active, suggesting it was viable. We have measured 18 metabolic enzymes in various species of Coleoptera, Hymenoptera, Hemiptera, and Diptera, and found that, for some enzymes, electrophoretic banding patterns produced by dead insects differed from those produced by live specimens within 1 d postmortem (unpublished data). All these biochemical approaches, however, involved laboratory techniques that were too complex, time consuming, or both, for widespread adoption in pest management and plant quarantine.
To circumvent the need for electrophoresis, we investigated staining of enzymes in solution rather than on electrophoretic gels. Five enzymes that had shown rapid postmortem changes in electrophoretic banding patterns, nevertheless continued to exhibit high activity when stained in solution for at least 28 d postmortem, thus preventing straightforward simpliÞcation of our method (unpublished data). We concluded that metabolites that degrade more rapidly than many enzymes would be a better focus for developing an easily used viability test.
Adenosine 5Ј-triphosphate (ATP) is rapidly broken down in dead cells by ATP-degrading enzymes, as observed in diverse organisms including rabbits (Bendall 1951) , cattle (Hamm 1977) , giant squid (MarquezRios et al. 2007 ), noble scallops (Wongso and Yamanaka 1998) , and insects (Lockshin et al. 1977) . This phenomenon has been the basis of two previous attempts to develop methods for determining the viability of immobile arthropods. SigniÞcant postmortem declines in ATP concentration were recorded in luciferase preparations of eggs of Fullers rose weevil, Asynonychus godmani Crotch (Coleoptera: Curculionidae) (Forney et al. 1991) , as well as in adults of twospotted spider mite, Tetranychus urticae Koch, and eggs of European red mite, Panonychus ulmi (Koch) (Acari: Tetranychidae) (Ebina and Ohto 2007) . Again, however, the technical complexity of these methods has impeded their widespread adoption in pest management and plant quarantine.
To be routinely applied by pest managers and quarantine authorities, a viability assay must require little or no specialist laboratory equipment, and should be easily used by people with little or no laboratory experience. Ideally, the assay would be objective and provide results more quickly than specimen rearing. The test components should be stable at room temperature with practical storage life, and the assay would need to be applicable to a range of species, particularly herbivorous insects and mites. The taxonomic ubiquity of ATP as a critical coenzyme for intracellular energy transfer suggests a viability assay that measures ATP should be applicable to many species. However, a potential disadvantage of an assay with broad taxonomic applicability is that false positives could occur if bacteria, fungi, or plant material occurred in samples of nonviable arthropods, so methods for minimizing this risk would need to be developed.
Here, we describe the development and validation of a colorimetric viability assay that is generally suitable for use by pest managers and quarantine authorities. It was developed at the request of, and in collaboration with, New ZealandÕs Ministry for Primary Industries (MPI). It is based on a technique for staining hexokinase (HK, EC 2.7.1.1), which reduces tetrazolium salt to colored formazan and is commonly used in gel isozyme electrophoresis (Richardson et al. 1986 , Manchenko 1994 , Rothe 1994 , Murphy et al. 1996 , and also on a closely related method for detecting ATP (Lamprecht and Trautschold 1974) . Our aim was to modify these methods to develop an assay that signals the presence of ATP in a live specimen by producing a strongly colored formazan, but produces no color change when ATP is either greatly depleted or absent, and the organism is dead. We Þrst describe optimization of the reactions that produce formazan in the presence of ATP from viable specimens, then describe assay validation. There are no internationally accepted guidelines for validating diagnostic assays of pests of plants, but there are for assays of infectious animal diseases (World Organisation for Animal Health 2010). These guidelines were generally applicable to our viability assay, and were used to validate the assay described here.
Materials and Methods
The sequence in which methods and results are presented for development and validation of the assay is summarized in Table 1 .
Biochemical Basis of Assay. The staining reactions for hexokinase (HK) (Manchenko 1994) and enzymatic determination of ATP (Lamprecht and Trautschold 1974) are shown in Fig. 1 . HK phosphorylates glucose with (Lamprecht and Trautschold 1974) , to glucono-1,5-lactone-6-phosphate, while NAD(P) is reduced to NAD(P)H. In staining for HK (Manchenko 1994) , NADH reduces a tetrazolium salt, 2-(4,5-dimethyl-2-thazolyl)-3,5-diphenyl-2H-tetrazolium bromide (MTT), via an intermediate electron acceptor, phenazine methyl sulfate (PMS), to produce a purple formazan.
The right side of Fig. 1 shows how production of MTT formazan is doubled when glucono-1,5-lactone-6-phosphate (GLP) is hydrolyzed to 6-phosphogluconate (6PG), which can occur spontaneously without lactonase (SchoÞeld and Sols 1976). 6-phosphogluconate dehydrogenase (6PGD, EC 1.1.1.44) then catalyzes the dehydrogenation of 6PG with NADP to ribulose-5-phosphate, so 2 mol of NADPH are formed per mole of ATP (Lamprecht and Trautschold 1974, Manchenko 1994) . This NADPH is then available to reduce MTT, via PMS, to produce additional formazan.
Our goal was to optimize these reactions to produce MTT formazan from assays of live arthropods, but not from assays of dead arthropods. Our starting recipe was that of (Manchenko 1994) (Table 2) , except ATP was excluded and HK was included, so the reaction could only proceed when ATP was present in the assayed sample. Furthermore, NADP-dependent forms of G6PD and 6PGD (Lamprecht and Trautschold 1974) were replaced with NAD-dependent forms because greater in vitro reduction of MTT has been attributed to NAD than NADP (Berridge et al. 2005) . Various other reÞnements, substitutions, and additions to ManchenkoÕs recipe were then measured. For brevity, only key optimization steps are described.
Reagents. ATP, D-glucose, 1-methoxy-phenazine methosulfate (mPMS), PMS, meldola blue (MB), MTT, NAD, and NBT were purchased from SigmaÐ Aldrich (St. Louis, MO); XTT, WST-5, WST-8, and WST-10 from Dojindo Laboratories (Kuamoto, Japan); HK and G6PD from both SigmaÐAldrich (Arklow, Ireland) and Megazyme (Wicklow, Ireland); and 6PGD from Unitika (Osaka, Japan).
Assay Method. All assays were conducted at room temperature (15Ð25ЊC). Stains were prepared within 24 h of starting an assay, kept protected from light, stored in a fridge, and allowed to reach room temperature before use.
Each assay was conducted using either a known concentration of ATP, an individual organism macerated in 50 Ð150 l stain per mg of specimen, or an individual macerated in distilled water or buffer (either 0.1 M Tris-HCl, pH 7.5Ð 8.0, or 0.1 M TAE, pH 7.8) to which stain, with it concentrations adjusted to compensate for the dilution, was subsequently added. Assays using stain volumes Ͻ5 l (e.g., for small specimens such as dipteran eggs and early instar scale insects) were conducted either on cavity slides, in 1.5Ð12-l microplates, or in 0.04-ml microtubes, which had been cut in rows from 384-well plates typically used for amplifying DNA (polymerase chain reaction [PCR] plates; Thermo ScientiÞc, Switzerland, AB-1384). Assays using volumes of 5Ð200 l were conducted in 0.2-ml microtubes (Axygen, CA; thin wall clear, PCR-02-C), and larger volumes were conducted in 1.7-ml Eppendorf tubes (Axygen; ultra clear, MCT-175-C). Fine curved-tip forceps were used to macerate samples on slides and in microplates, and Þne straight tip forceps were used for macerating samples in 0.2-and 1.7-ml tubes.
Assay results were scored by recording whether purple coloration arising from reduction of tetrazolium salt to formazan became visible in the stain supernatant within 10 min of starting an assay. To obtain additional quantitative data, image analysis software The mean pixel value of the blue channel divided by the mean pixel value of the green channel (B:G) provided a useful numerical representation of our visual observations of color changes, so we used it to help compare and describe results. B:G increased as the intensity of the purple color of MTT formazan increased. The minimum B:G at which formazan Þrst became visually evident varied slightly with the volume and transparency of the microtube used. For 0.04-ml tubes, MTT formazan production was visually evident at B:G Ն 0.97, and in 0.2-ml microtubes at B:G Ն 0.96 (see Results). The 1.7-ml tubes were insufÞciently transparent, so aliquots were transferred to 0.2-ml tubes for photographing.
B:G Ratio Measurement Error. B:G measurement error was measured by taking Þve photographs of each of 33 assays, all in 0.2-ml tubes, that exhibited a wide range of formazan concentrations, and measuring B:G variation within and between assays.
Stain Optimization. Intermediate Electron Acceptor. mPMS has a longer storage life and better photochemical stability than PMS (Hisada and Yagi 1977) , and PMS is more effective than MB in reducing tetrazolium salts (Henderson and Loveridge 1981) . The sensitivity of stains containing 0.07 mM PMS, 0.07 mM mPMS, and 2.1 mM MB were compared by conducting nine assays per stain of individual blow ßy eggs, Calliphora sp. (Diptera: Calliphoridae). Each egg (c. 0.16 mg) was macerated on a cavity slide in 8 l of stain; supernatants were transferred to 0.2-ml microtubes, and B:G was recorded after 5 min.
Triton X-100 Concentration. Triton X-100 helped to solubilize MTT formazan and enhanced the sensitivity of a lactate dehydrogenase assay (Abe and Matsuki 2000) . Stains containing 0.07 mM mPMS, and Triton X-100 concentrations of 0.05, 0.1, 0.2, and 0.4% were compared. Individual eggs of Calliphora sp. were macerated on cavity slides in 15Ð30 l of stain; supernatants were transferred to 0.2-ml tubes; and B:G was recorded after 5 min.
Buffer. Stains containing either tris-HCl or tris-acetate-EDTA (TAE, 100 mM Tris, 2 mM EDTA), both containing 0.07 mM mPMS and 0.2% Triton X-100, pH 7.80, were compared by conducting nine assays of individual Calliphora sp. eggs as described for Triton X-100.
Tetrazolium Salt. Stains containing MTT, NBT, XTT, WST-5, WST-8, and WST-10 at concentrations of 0.1 and 0.5 mg/ml were compared by adding ATP at concentrations of 0, 0.05, 0.25, and 0.5 mg/ml in 0.2-ml tubes. All stains contained mPMS, 0.2% Triton X-100, and TAE, pH 7.80, and were replicated Þve times per salt, and B:G was measured after 10 min.
Stains containing MTT at concentrations of 0.10, 0.15, 0.20, 0.25, 0.30, 0.35, and 0.40 mg/ml were compared by adding ATP at concentrations of 0, 0.5, and 1 mg/ml in 0.2-ml tubes, then measuring B:G after 10 min. Assays with 1 mg/ml ATP were replicated twice, and the others once.
Stain Volume per Specimen. Mobile larvae of Galleria mellonella F. (Lepidoptera: Pyralidae), Lucilia sericata (Meigen) (Diptera: Calliphoridae) and Musca domestica L. (Diptera: Muscidae), and mobile adults of Plutella xylostella (L.) (Lepidoptera: Plutellidae) were killed by freezing them for 1 d at Ϫ20ЊC, maintaining them at room temperature for 1 d, then immersing tubes that contained them in boiling water for 3Ð5 min. To estimate specimen weight, 20 Ð50 specimens of each species were weighed together, then mean weight per individual was calculated. G. mellonella, L. sericata, and M. domestica were assayed in 0.04-ml tubes, and P. xylostella was assayed in 0.2-ml tubes. Volumes of stain (recipe in Table 2 ) were varied to obtain nine ratios of stain volume (microliter): sample weight (milligram) ranging from 25:1Ð500:1. B:G ratios were measured after 10 min.
Assay Validation. Methods for validation of diagnostic assays for infectious diseases developed by the OIE (World Organisation for Animal Health 2010) were applied for assay validation (recipe in Table 2 ). Unless otherwise stated, Ϸ100 l stain per milligram of specimen was used, and methods were as for stain optimization.
Comparisons Between Live and Dead Organisms. Live organisms were recognized by observing movement, making physical measurements based on an unpublished morphological assessment protocol of MPI, for which we had previously received training from MPI, and rearing population subsamples to observe development of immature life stages. Most dead organisms were obtained by applying one of several lethal treatments, described below, to live organisms. However, some dead samples were not treated, but had died in culture, and were recognized as being dead by morphological assessment. When comparing assay results between live and dead specimens of the same species, live samples were always obtained from the same populations as the dead samples, maintained under the same conditions, and assayed at the same time.
Morphological Measurement. Assay results from insects morphologically measured as being dead were compared with those from conspeciÞc live specimens. The species, life stages, and approximate stain volumes used (dependent on specimen weight) were as follows: Sitona lepidus (Gyllenhal, 1834) (Coleoptera: Curculionidae), adult, 400Ð900 l; Sitona discoideus Gyllenhal, adult, 300Ð450 l; Listronotus bonariensis (Kuschel) (Coleoptera: Curculionidae), adult, 100Ð200 l; Dasineura mali Kieffer (Diptera: Cecidomyiidae), larva, 20Ð60 l; Drosophila melanogaster Meigen, 1830 (Diptera: Drosophilidae), adult, 80Ð150 l; Drosophila hydei Sturtevant, 1921, adult, 140Ð200 l; Drosophila sp., adult, 80 l; Austrosimulium sp. (Diptera: Simuliidae), adult, 80 l; Bemisia sp. (Hemiptera: Aleyrodidae), adult, 5 l; Acyrthosiphon pisum (Harris, 1776) (Hemiptera: Aphididae), adult, 40 l; Aspidiotus nerii Bouché (Hemiptera: Diaspididae), adult, 3Ð6 l; Aonidella aurantii (Maskell) (Hemiptera: Diaspididae), adult, 4Ð6 l; Microctonus aethiopoides Loan (Hymenoptera: Braconidae), adult, 20 l; Microctonus hyperodae Loan, adult, 20 l; G. mellonella (Lepidoptera: Pyralidae), Þrst instar larva, 3 l.
Heat Treatment. Tubes containing individual live arthropods were immersed in boiling water for 3Ð5 min (hereafter referred to as "heat treatment"). Assay results from heat-treated specimens were compared with those from conspeciÞc live specimens by observing if supernatants had stained purple after 10 min. The species, life stages, and stain volumes used were as follows: Tetranychus urticae (Acari: Tetranychidae), egg, 0.5 l; indet. (Araenae), egg, 5 l; Drosophila sp. (Diptera: Drosophilidae), egg, 1 l; pupa, 80 l; indet. (Hemiptera, Aleyrodidae), egg, 0.5 l; nymph, 3Ð5 l; Pseudococcus calceolariae (Maskell) (Hemiptera: Pseudococcidae), egg, 1 l; Helicoverpa armigera (Hü bner) (Lepidoptera: Noctuidae), egg, 5 l; pupa, 8,000 l. To verify the efÞcacy of heat treatment, 20 untreated and 20 treated specimens of Drosophila sp. pupae, H. armigera eggs, H. armigera pupae, P. calceolariae eggs, and T. urticae eggs were maintained to observe their development.
In some cases, positive and negative reference samples were produced from one individual by macerating a live organism in 50 l distilled water per mg of specimen, dividing the macerate in two, then heat treating one of the aliquots. To compensate for dilution by distilled water, assays used a twoϫ concentration of stain and 50 l stain per milligram of organism. All specimens were adults. The species and approximate combined volumes of distilled water and stain used were as follows: Celatoblatta sp. (Blattaria: Blattellidae), 800 Ð1500 l; L. bonariensis, 100 Ð200 l; S. discoideus, 300 Ð 450 l; S. lepidus, 400 Ð900 l; M. domestica, 600 Ð1,500 l; Austrosimulium sp., 70 Ð 80 l.
Phosphine Fumigation. In trial 1, various life stages of Hemiberlesia rapax (Comstock) and A. nerii (both Homoptera: Diaspidae), reared on potatoes, were fumigated with phosphine (3,000 ppm for 24, 48, or 72 h at 1Ð5ЊC), held at 20ЊC for 7Ð10 d, macerated on cavity slides in 3.5Ð 6 l stain, then assay results were visually assessed after 10 min. In trial 2, second and third instar H. rapax, reared on potatoes, were fumigated (1,500 or 3,000 ppm, for either 24 or 36 h, at 2Ð3ЊC), held at 20ЊC for 3Ð 6 d, macerated on cavity slides in 3Ð 4 l stain, then assay results were visually assessed after 10 min.
Methyl Bromide Fumigation. Laboratory-reared D. melanogaster adults were fumigated with methyl bromide (48 g/m 3 for 2 h at 17ЊC), kept at 18 Ð22ЊC for 7Ð9 d, then assayed by placing each adult in a 0.2-ml microtube, adding 60 l of stain, macerating the insect with clean forceps and measuring B:G after 10 min. Positive controls were untreated D. melanogaster from the same culture.
Insecticides. -cyhalothrin (0.1 ml/liter), chlorpyrifos (10 ml/liter), and water (control) were applied to separate sets of eggs of H. armigera, G. mellonella, and S. lepidus, and of D. melanogaster pupae. Insects were placed in petri dishes lined with Þlter paper, sprayed using a moving belt sprayer, and lids were placed on the petri dishes once spray residues had dried. Insects were kept at 10 Ð12ЊC for 3.5 d then at 20ЊC until being assayed, and were checked each day for hatching or eclosion. H. armigera were assayed after 7 d using either 4.5 l stain per egg or 4.0 l stain per larva, G. mellonella after 15Ð18 d using 3.6 l stain per egg, D. melanogaster after 19 d using 100 l stain per pupa or adult, and S. lepidus after 32 d using either 4.5 l stain per egg or 4.0 l stain per larva.
Diagnostic Characteristics. SpeciÞcity is the proportion of dead specimens that give negative assay results, and sensitivity is the proportion of live specimens that give positive assay results (World Organisation for Animal Health 2010). These proportions were measured by summarizing results from all comparisons made between treated (dead) and control (live) organisms described above.
Reproducibility. Reproducibility is the ability of the assay to provide consistent results when applied to the same samples in different laboratories. It was measured by having two laboratories, situated Ͼ600 km apart, assay different D. melanogaster adults from the same populations, then comparing results. Dead D. melanogaster had been fumigated with methyl bromide as previously described. Two lots of stain were prepared using reagents from different batches. Each laboratory was provided with both lots of stain, plus 40 living and 40 dead D. melanogaster. Two people per laboratory, trained in using the assay, performed the experiment 16 d after fumigation. At each laboratory, one person dispensed 60 l aliquots of one lot of stain into twenty 0.2-ml tubes, placed a specimen in each tube, recorded whether it was alive or dead, then macerated it using clean forceps. Ten minutes after starting each assay, the second person, unaware of each specimenÕs viability, visually scored the results. The two people then switched roles and repeated the procedure using the second lot of stain and another set of 20 insects.
Repeatability. To measure whether the assay produced consistent results from repeated assays of the same samples (World Organisation for Animal Health 2010), Þve individuals of Eisenia andrei (Haplotaxida: Lumbricidae) were heat treated, and another six were kept alive. Each individual was then divided into three, and the three parts were separately assayed by macerating them in stain in 1.7-ml tubes using plastic pestles. B:G ratios of 20 l aliquots were measured in 0.2-ml tubes after 5 min.
Sensitivity to Bacteria. To measure if positive results could be obtained from bacteria, cultures of two bacteria commonly isolated from soil and decaying plant matter, Gram-negative Serratia entomophila 465 (Grimont et al. 1988 ) and Gram-positive Bacillus thuringiensis 3,196 (Glare and OÕCallaghan 2000) , were grown in nutrient broth incubated at 30ЊC for 16 h.
Eight concentrations, ranging from 10
Ϫ5 of the concentration present in each culture to 10 2 , in increments of 10 1 , were prepared for each bacterium. The 10 1 and 10 2 concentrations were produced by centrifuging 1 ml aliquots of each culture (13,000 rpm, 5 min), then resuspending the pellets in 10 and 100 l of nutrient broth, respectively. Cells in 10 Ϫ5 and 10
Ϫ6
dilutions were counted by triplicate plating of 100 l aliquots onto nutrient agar and incubation overnight at 30ЊC. The negative control was nutrient broth, and the positive control was ATP (1 l of 5 mg/ml ATP in TAE). All bacterial concentrations and controls were tested in triplicate by transferring 1 l aliquots to 0.2-ml microtubes containing 50 l of stain, mixing them, then measuring B:G after 10 min. Sensitivity to Fungi. To measure whether fungi could produce positive assay results, hyphae and spores of Penicillium commune, a common mold associated with food (Rundberget et al. 2004) , and Beauveria bassiana, an entomopathogenic fungus commonly found on decaying insects (Glare and Inwood 1998) , were assayed. Hyphae were prepared by spreading 100 l of spore suspensions of B. bassiana (8 ϫ 10 7 spores/l) and P. commune (6 ϫ 10 7 spores/l) onto separate potato dextrose agar plates lined with sterile cellophane and incubating them at 20ЊC. Inoculation times were varied so hyphae of different ages were available on the same day. Hyphae of P. commune were assayed at 0.67, 1, and 3 d, and those of B. bassiana, which grows more slowly, were assayed at 1, 3, and 5 d. Hyphae were assayed both in microtubes and on microscope slides. With microtubes, 0.4 mg of hyphae was transferred to each of three 0.2-ml tubes per species. Positive controls were 0.4 mg hyphae plus eight viable S. lepidus eggs. There were two negative controls; 0.4 mg hyphae plus eight heat-treated S. lepidus eggs, and stain-only. Each sample was macerated in 20 l of stain, and B:G was measured after 10 min. For slide assays, three replicates of 0.2 mg hyphae were gently scraped off the cellophane using a clean spatula, evenly spaced along a microscope slide, immersed in 10 l of stain, macerated, and visually measured after 10 min using a stereomicroscope (12.5ϫ). Controls on slides comprised 0.2 mg young hyphae plus either four viable, or four heat-treated, S. lepidus eggs.
For assays of spores, three 30-l replicates of each spore suspension were transferred to 0.2-ml microtubes and centrifuged at 13,000 ϫ g for 5 min to produce a 0.4-mg spore pellet. A pipette tip was used to resuspend the spores in 20 l of stain. Spore viability was veriÞed by placing a cover slip on a 16-h-old agar culture of each spore suspension, and counting the number of germination tubes for the Þrst 200 spores viewed at 40ϫ magniÞcation.
Sensitivity to Plant Material. Two trials measured if plant material could produce positive assay results. The second trial also assessed the effect of rinsing arthropod specimens covered in plant material in water, before assaying them.
In Trial 1, grapes were assayed by cutting each grape in half, taking a 1 l sample from just beneath the skin, another from the grape center, adding each sample to 50 l of stain, mixing them by pipetting, and measuring B:G after 10 min. Positive controls were ATP (1 l of 5 mg/ml ATP in TAE), and negative controls were stain without grape. A subsample of freshly picked grapes was assayed 2 h after harvest, and others were stored either in a fridge (2Ð 8ЊC), or at room temperature (18 Ð22ЊC). One day and 3 d after harvest, 10 grapes from each storage regime were warmed to room temperature for 1 h, then assayed.
In Trial 2, golden kiwifruit were purchased from a supermarket. Enquiries indicated the fruit had been harvested 1 mo earlier and cool-stored until delivery to the supermarket. For fruit-only assays, Þve 1 l samples were taken from each of two fruit by randomly puncturing the skins with a pipette tip, then mixed with 50 l of stain. For insect plus fruit samples, heat-treated D. melanogaster adults were dipped in fresh kiwifruit juice, then macerated in 60 l of stain. For the "insect ϩ fruit ϩ rinsing" treatment, heattreated D. melanogaster adults were dipped in fresh kiwifruit juice, rinsed in water, then macerated in 60 l of stain. For comparison, live D. melanogaster adults were also individually assayed. B:G was measured after 10 min.
Sensitivity to ATP. Three separate 10 mM ATP stocks in 0.1 M TAE (pH 7.8) were used to make three sets of 12 ATP standards, each ranging from zero to 55 pmol ATP/l in increments of 5 pmol ATP/l.
An assay matrix was produced by crushing 30 mg of S. lepidus eggs in 1.35 ml TAE (pH 7.8) then inactivating it by freezing at Ϫ20ЊC for 1 h, incubation for 6 h at ambient temperature, then heating at 100ЊC for 10 min. A 2.2ϫ concentration of stain was used to adjust for the dilution caused by mixing it with dead insect matrix and ATP standard.
Two microliter from each ATP standard were mixed with 9 l of dead insect matrix and 9 l of stain in 0.2-ml tubes. The Þnal ratio of stain volume to egg weight was 100 l:1 mg. Five-microliter aliquots were immediately transferred to 0.04-ml tubes, then after 7Ð9 min, 0.5 l aliquots were also transferred from the 0.2-ml tubes to microscope slides and microplate wells. Slides had been smeared with Vaseline to minimize spreading of the solution and reduce evaporation. Ten minutes after ATP standards had been mixed with matrix and stain, supernatants in 0.2-and 0.04-ml tubes were photographed, then four people independently recorded whether or not formazan was visible in the tubes and on the slides and microplates. Assays on slides and microplates were viewed at 12.5ϫ magniÞcation. Assays were cryptically labeled and conducted in random order so that visual assessors did not know what concentrations of ATP they were measuring.
Stain Storage Life. Two trials were conducted to estimate stain storage life. In Trial 1, 500 l aliquots from each of Þve separate lots of stain were transferred to 1.7-ml Eppendorf tubes. Before starting the treatments, 18 l aliquots of each stain were transferred to 0.2-ml tubes to measure B:G. Each of the Þve stains was then subjected to each of three storage treatments: "ambient and light" (under ßuorescent light at ambient temperature), "ambient and dark" (protected from light at ambient temperature), and "fridge and dark" (protected from light in the fridge). The tubes were photographed on days 1Ð 4, 7, and 14, when their responses to ATP were also tested by transferring 18 l of each stain to a 0.2-ml tube, adding 2 l of 0.1 mg/ml ATP solution, and recording B:G after 10 min.
Trial two measured the effect of stain volume on storage life. Methods and treatments were as for experiment 1 except aliquots of each of Þve lots of stain, ranging from 5 to 80 l in 5 l increments, were allocated to 0.2-ml tubes. B:G of all stains, without ATP, were recorded each day either until formazan appeared, or until the seventh day, whichever occurred Þrst. Trials one and two were conducted together, so both experiments experienced the same temperatures, which were recorded using data loggers. Table 2 gives the recipe for the optimized viability assay, and the recipe for staining hexokinase (Manchenko 1994 ) from which the viability assay was developed.
Results

Unless
Intermediate Electron Acceptor. mPMS, MB, and PMS gave mean B:G ratios of 1.89 Ϯ 0.18 (n ϭ 9), 1.53 Ϯ 0.16 (n ϭ 9), and 1.51 Ϯ 0.14 (n ϭ 9), respectively. mPMS was chosen because of its good performance, as well as its longer storage life and better photochemical stability (Hisada and Yagi 1977) 
(Table 2).
Triton X-100 Concentration. Triton X-100 concentrations of 0, 0.05, 0.1, 0.2, and 0.4% gave mean B:G ratios of 1.12 Ϯ 0.04 (n ϭ 5), 3.04 Ϯ 1.53 (n ϭ 2), 4.03 Ϯ 0.65 (n ϭ 7), 4.53 Ϯ 0.49 (n ϭ 10), and 3.59 Ϯ 0.57 (n ϭ 11), respectively, so the 0.2% concentration was chosen (Table 2) .
Buffer. The TAE buffer was chosen (Table 2) because it gave a mean B:G of 4.76 Ϯ 0.48 (n ϭ 9) compared with 2.91 Ϯ 0.33 for tris-HCl (n ϭ 8).
Tetrazolium Salt. XTT and WST-8 were quickly discounted because they produced yellow or orange formazan that was difÞcult to discern from the color of macerated samples. WST-10 was discounted because it was insoluble in the stain solution. MTT, NBT, and WST-5 produced distinctive blue to purple formazans relatively quickly, and all three gave approximately linear increases in B:G with increasing ATP concentration, at both salt concentrations. At 0.1 mg/ml, MTT produced B:G ratios that increased from 0.96 Ϯ 0.003 at 0 mg/ml ATP (n ϭ 15) to 1.94 Ϯ 0.14 at 0.5 mg/ml ATP (n ϭ 5), a difference of 0.98. The same Þgures for NBT were 0.99 Ϯ 0.001 (n ϭ 15) to 1.84 Ϯ 0.10 (n ϭ 5), a difference of 0.84, and for WST-5 were 0.90 Ϯ 0.003 (n ϭ 15) to 1.28 Ϯ 0.07 (n ϭ 5), a difference of 0.38. The same pattern, with MTT producing the strongest color change and WST-5 the weakest, also occurred with 0.25 mg/ml salt (data not shown), so MTT was chosen (Table 2) .
Further testing helped to optimize the concentration of MTT. This salt is yellow and, in the absence of ATP, increasing its concentration caused B:G of stainalone to decline approximately linearly from 0.99 with 0.05 mg/ml MTT (n ϭ 1) to 0.88 with 0.5 mg/ml MTT (n ϭ 1). When tested with 0.5 mg/ml ATP, B:G increased to a maximum of 1.64 at 0.15 mg/ml (n ϭ 1), then declined to 1.35 at 0.5 mg/ml MTT (n ϭ 1). When tested with 1 mg/ml ATP, B:G increased to a maximum of 2.73 at 0.20 mg/ml MTT (n ϭ 2), then gradually declined to 2.11 at 0.5 mg/ml (n ϭ 2). Although maximum B:G ratios were observed at MTT concentrations of 0.15Ð 0.2 mg/ml, qualitative observations indicated that the yellow tinge in the stain solution arising from higher concentrations of MTT was helpful for discerning the color change from yellow to purple on reduction to formazan. Therefore, 0.25 mg/ml MTT was chosen (Table 2) .
Stain Volume per Specimen. On average, a G. mellonella larva weighed 0.03 mg, a L. sericata larva weighed 0.05 mg, a M. domestica larva weighed 0.05 mg, and a P. xylostella adult weighed 2.5 mg. B:G ratios obtained from living and dead specimens of these four species using different ratios of stain volume (microliter):specimen weight (milligram) ("w:v") are shown in Fig. 2 . Assays of living specimens gave B:G ratios that declined from an overall mean of 1.8 Ϯ 0.30 at w:v ϭ 25 (n ϭ 20) to 0.92 Ϯ 0.02 at w:v ϭ 500 (n ϭ 20). In contrast, assays of dead specimens gave B:G ratios that gradually increased from an overall mean of 0.80 Ϯ 0.07 at w:v ϭ 25 (n ϭ 20) to 0.91 Ϯ 0.02 at w:v ϭ 500 (n ϭ 20). The lowest w:v of 25:1 gave the greatest separation between live and dead specimens of all species (Fig. 2) , but assays involving low stain volumes were more difÞcult to observe and visually assess than assays using higher volumes. Therefore, we sought the highest microliter:milligram ratio that would still give reliable separation between live and dead specimens, and 100 l:1 mg was chosen.
Assay Validation. Comparisons Between Negative and Positive Reference Samples. Each of the assay results presented below was obtained either from one specimen, or from a subsample of one specimen. Table 3 gives assay results by arthropod family for specimens morphologically measured as live or dead, as well as for control and heat-treated specimens and macerates. The results are summarized by treatment in Table 4 . All morphologically dead specimens (n ϭ 2079), all heat treated specimens (n ϭ 1045), and all heat-treated macerates (n ϭ 38) gave negative assay results. All morphologically live specimens (n ϭ 250) and all control macerates (n ϭ 38) gave positive assay results, and 638 of 643 controls for heat-treated specimens (99%) gave positive results. Of the specimens maintained to verify heat-treatment efÞcacy, all untreated specimens (n ϭ 100) either hatched or eclosed, but no treated specimens did (n ϭ 100). Table 4 summarizes results from the two phosphine fumigation trials and the methyl bromide fumigation trial. In phosphine Trial 1, all treated specimens of H. rapax (n ϭ 30) and A. nerii (n ϭ 163) gave negative assay results, and 48 of 49 untreated A. nerii (98%) and 10 of 11 untreated H. rapax (95%) gave positive assay results (Table 4 ). In phosphine Trial 2, 572 of 600 treated H. rapax (95%) gave negative assay results, and 128 of 150 untreated H. rapax (85%) gave positive assay results. All methyl bromide-fumigated D. melanogaster adults (n ϭ 1,000) gave negative results, and all nonfumigated D. melanogaster adults (n ϭ 300) gave positive assay results (Table 4) . Table 5 shows results from the insecticide trials by treatment and species, and the overall results are summarized in Table 4 . Controls for each species generally showed high rates of eclosion or hatching, and these Methods used to identify or produce dead specimens were by morphological assessment (M), heat treatment of an intact specimen (Hs), or heat treatment of half of a macerated specimen (Hm).
were matched by high proportions of positive assays (Table 5) . No treated insects hatched or eclosed, except D. melanogaster pupae treated with -cyhalothrin, many of which eclosed 5Ð 8 d after treatment, but these became immobile 2 d after eclosion (Table  5) . No treated insects gave positive assays (Table 5) .
Diagnostic Characteristics. Of 1,651 control insects (Table 4) , 1,600 gave positive assay results, so relative diagnostic sensitivity was 97%. Of 5,324 treated insects (Table 4) , 5,296 gave negative results, so diagnostic speciÞcity was 99%.
Reproducibility. In blind assays conducted by two people in each of two laboratories, all live D. melanogaster (n ϭ 80) were assayed alive, and all fumigated D. melanogaster (n ϭ 80) were assayed dead.
Repeatability. Formazan became visible at B:G Ն 0.96. All assays of live E. andrei gave positive results, with a mean B:G of 1.41 Ϯ 0.06 (n ϭ 18), and all assays of heat-treated E. andrei gave negative results, with a mean B:G of 0.84 Ϯ 0.006 (n ϭ 15). For live specimens, variation between parts was 20% of variation between specimens. For dead specimens, which showed much less variation, it was 57%.
Sensitivity to Bacteria. Formazan became visible at B:G Ն 0.96. Mean B:G of the negative and positive controls were 0.83 Ϯ 0.003 (n ϭ 3) and 1.63 Ϯ 0.04 (n ϭ 3), respectively. B:G for samples containing viable bacteria remained below 0.86 at all but the highest concentrations of B. thuringiensis (1 ϫ 10 6 cells per assay) and S. entomophila (6.5 ϫ 10 7 cells per assay), when mean ratios increased to 0.95 Ϯ 0.009 (n ϭ 3) and 0.93 Ϯ 0.015 (n ϭ 3), respectively. At the highest concentrations, one S. entomophila replicate and one B. thuringiensis replicate gave positive results (B:G ϭ 0.96 in both cases).
Sensitivity to Fungi. Formazan became visible at B:G Ն 0.96. None of the stain-only controls produced visible formazan (mean B:G ϭ 0.87 Ϯ 0.003, n ϭ 6). No assays of B. bassiana hyphae produced visible formazan in the stain supernatant (mean B:G ϭ 0.88 Ϯ 0.01, n ϭ 10), but some hyphae were stained, and this was more obvious in hyphae that had been grown for 24 h rather than for 3 or 5 d. With P. commune, formazan was visible in the stain supernatant of two assays (B:G ϭ 0.97 and 0.98); formazan was not visible in the supernatant of the remaining assays (mean B:G ϭ 0.87 Ϯ 0.022, n ϭ 8), but hyphae in all samples were stained, again most strongly in the youngest hyphae, which had been grown for 16 h, rather than for 24 h or 3 d.
When B. bassiana (n ϭ 1) and P. commune (n ϭ 1) were mixed with heat-treated S. lepidus eggs, no formazan was visible in the stain supernatant (B:G ϭ 0.92 and 0.93, respectively), but some hyphae were stained. When hyphae of B. bassiana (n ϭ 1) and P. commune (n ϭ 1) were mixed with viable S. lepidus eggs, the supernatants were strongly stained (B:G ϭ 4.14 and 4.67, respectively).
Similar results were obtained when hyphae were stained on microscope slides. Supernatants did not stain, but hyphae of B. bassiana and P. commune did. For B. bassiana, staining of hyphae was most clearly evident in samples incubated for 24 h. With P. com- Table 4 . Summary of comparisons between positive and negative reference samples showing numbers expected to be alive (i.e., untreated) and the number of these that gave positive assay results, and numbers expected to be dead (i.e., treated) and the number of these that gave negative assay results mune, staining of hyphae was obvious in samples incubated for all periods. All spores incubated overnight on agar then viewed at 40ϫ magniÞcation had germination tubes, thus conÞrming their viability. Assays of spores of B. bassiana (n ϭ 1) and P. commune (n ϭ 1) were negative (B:G ϭ 0.81 and 0.73, respectively).
Assessment
Sensitivity Sensitivity to ATP. Visual assessments were recorded for all four assay methods, but B:G data were only obtained from assays in 0.04-and 0.2-ml tubes. Here, we used the B:G data from tubes, Þrst to assess the response of B:G to ATP concentration, then to relate B:G to the occurrence of color changes during visual assessments. Afterwards, we assessed the relationship between visual assessment result and ATP concentration for all four methods.
Linear regression (Fig. 3) showed a signiÞcant increase in B:G with ATP concentration (P Ͻ 0.001), with no effect of tube size (P ϭ 0.16), but with differences between ATP stocks (P ϭ 0.01, data not shown).
Logistic regression of visual assessment results, which were either positive or negative, versus B:G, showed the probability of a positive visual assessment increased with B:G (P Ͻ 0.001), and varied both with tube size (P ϭ 0.05) and the person making the assessment (P ϭ 0.02), but not with stock (P Ͼ 0.13). A model including visual assessment result and tube size as terms was used to deÞne minimum B:G ratios for each tube size that corresponded with Ն0.9 probability of a positive visual assessment (Fig. 4) . For 0.04-ml tubes, this occurred at B:G Ն 0.97 Ϯ 0.04, and for 0.2-ml tubes it occurred at B:G Ն 0.96 Ϯ 0.04 (Fig. 4) .
A logistic regression of visual assessment result versus ATP concentration for all four assay methods showed signiÞcant effects of ATP concentration (P Ͻ 0.001), assay method (P Ͻ 0.001), and ATP stock (P Ͻ 0.001), but not of person making the assessment (P Ͼ 0.13). All assay methods consistently recorded lower responses with one of the three stocks, but this difference was only signiÞcant when visual assessments from plates and slides, rather than tubes alone, were included in the model (data not shown). A regression including visual assessment result and assay method as terms was used to estimate the ATP concentration for each method that corresponded with Ն0.9 probability of a positive visual assessment (Fig. 5) . This occurred at Ն27 l ATP/pmol in 0.04-ml tubes, Ն25 l ATP/ pmol in 0.2-ml tubes, Ն32 l ATP/pmol in microplates, and Ն38 l ATP/pmol on microscope slides (Fig. 5) .
Stain Storage Life. Trial one measured storage life using 500 l aliquots of stain stored in 1.7-ml tubes. The B:G of pure stain at the start of the experiment had a mean B:G of 0.89 Ϯ 0.003. Without addition of ATP, the B:G of stains in all storage treatments increased with storage time (Fig. 6 ), but this occurred much more quickly in stains stored at ambient temperature (mean ϭ 15.9 Ϯ 0.07ЊC), irrespective of whether or not they were exposed to light, than in stains stored in a fridge (mean temperature ϭ 3.0 Ϯ 0.05ЊC). After 3 d, stains stored at ambient temperature, both in the dark and the light, produced visible formazan, and had mean B:G ratios of 0.96 Ϯ 0.01 and 0.97 Ϯ 0.003, respectively. Linear regression showed no signiÞcant difference in the response of these two treatments to storage time (P ϭ 0.373). In contrast, stains stored in the fridge did not produce visible formazan, with mean B:G ratios of 0.89 Ϯ 0.002 after 3 d, and 0.91 Ϯ 0.003 after 14 d. However, sediment was observed in the tubes after 14 d, suggesting the stains had begun to spoil. The response of stains stored in the fridge to ATP declined slowly with storage time, showing mean B:G ratios of 1.00 Ϯ 0.007 after 4 d, and 0.99 Ϯ 0.002 after 14 d (Fig. 6) .
Trial two measured the effect of stain volume on storage life (temperatures were as given for Trial 1). Linear regression showed that B:G increased signiÞ-cantly more quickly with storage time for small stain volumes than larger stain volumes, irrespective of treatment. For example, before the experiment began, 5 l aliquots of stain had a mean B:G of 0.90 Ϯ 0.006, and after 2 d this had increased to 0.96 Ϯ 0.002 in the ambient and dark treatment and to 0.99 Ϯ 0.004 in the ambient and light treatment. In contrast, 80 l aliquots of stain had a mean B:G of 0.87 Ϯ 0.004, and after 2 d this had only increased to 0.93 Ϯ 0.004 in the ambient and dark treatment, and 0.94 Ϯ 0.002 in the ambient and light treatment. Nevertheless, none of the 5 and 80 l aliquots produced visible formazan after being stored in the fridge for 7 d, when mean B:G ratios were 0.93 Ϯ 0.004 and 0.90 Ϯ 0.004, respectively. We concluded that stain stored in the fridge should be replaced every week, and stain kept at room temperature should be replaced every day.
Discussion
Comparisons between positive and negative reference specimens clearly demonstrated that the assay will reliably distinguish between living and dead arthropods of diverse species. Of the 6,975 tests reported in the Results, 97% of assays of samples not exposed to any of Þve treatments gave positive results, and 99% of assays, either of treated samples or of organisms that appeared to be dead, gave negative results. Imperfection in populations of reference specimens, rather than assay error, best explains why both these percentages were slightly Ͻ100%. For example, negative results from 3% of untreated organisms will have been because of normal mortality in the insect cultures, and this is supported by the broad correspondence between assay results and rearing observations in the insecticide trials (Table 5) . Positive results obtained from 1% of treated organisms all occurred in the second phosphine trial (Table 4) and appeared related to fumigation duration and rate. Twenty four of 28 survivors were from the two phosphine treatments with the shortest duration of 24 h. In contrast, there was zero survival from the treatment with the longest duration of 48 h and the highest rate. Therefore, the few positive assay results from treated organisms most likely indicated either true survival of sub-lethal treatments, or a long delay between treatment and mortality.
Our high conÞdence in the assay has been reinforced by numerous additional unpublished trials that have involved Ͼ15,000 assays spanning Ͼ80 species, predominantly of insects, but also of mites and spiders. In addition, we have provided our assay to several organizations, including MPI and the Plant and Food Research Institute of New Zealand, all of whom have successfully applied it and obtained results consistent with their expectations of organism mortality.
We found the assay to be sufÞciently sensitive for use even with smaller arthropods that are frequently important in plant pest management and quarantine, such as eggs of many species of Diptera and Lepidoptera. However, when assaying smaller organisms, greater care was needed to be certain specimens had been crushed in stain. This was facilitated by customdesigned microplates, which had wells with conical, rather than spherical, bases (design available from corresponding author on request). Small organisms became lodged in the conical section at the base of the well, making them easier to crush, and assay results became easier to interpret because stain and tissue were conÞned to the small volume of well within the conical section.
The sensitivity of the assay was probably underestimated in our experiment because of the artiÞcially homogeneous solutions produced when an ATP stock is mixed with stain. Near the lower limits of sensitivity, very uniform and faint staining occurred, which was difÞcult to interpret and caused variation in visual assessment results between people. In reality, assays of very small viable organisms are easier to interpret than assays of ATP in solution because, when viewed under a microscope, formazan production is concentrated in the solution surrounding the macerated tissue, and the staining is much more obvious. Assay sensitivity could also have been underestimated because reduction of MTT to formazan, in addition to that driven by ATP, might sometimes occur via mPMS from other electron donors (Berridge et al. 2005) . Possible examples include NAD(P)H-dependent oxidoreductases ("nothing dehydrogenases"; Manchenko 2003), and G6PD-dependent enzymes such as adenylate kinase and creatine kinase, which could contribute to the reaction when substrates for these enzymes are present in the tested organisms.
With the ATP dilutions, the lower limits of sensitivity for 0.04-and 0.2-ml tubes, and for plates and slides were, respectively, 27, 25, 32, and 38 pmol ATP/ l, which corresponded with absolute quantities of 135, 325, 32, and 38 pmol ATP per assay. Despite being conservatively high, these sensitivity estimates are either below, or close to, published values for the ATP content of various arthropods. For example, live eggs of FullerÕs rose weevil, Asynonychus cervinus Godmani (Coleoptera: Curculionidae), each contained 200 Ð 1,400 pmol ATP (Ebina et al. 2004 , Forney et al. 1991 ; live adults of twospotted spider mite, T. urticae (Trombidiformes: Tetranychidae), each contained 26 Ð34 pmol ATP per egg (Ebina and Ohto 2007) ; 1 mg of Cydia pomonella (L.) (Lepidoptera: Tortricidae) tissue contained 29 Ð230 pmol ATP (Neven and Hansen 2010) ; and locust contained 7.63 pmol ATP per g muscle (Weyel and Wegener 1996) . Perhaps the only record of an economically important species with ATP levels notably less than the detection limit of our assay is for live eggs of European red mite, Panonychus ulmi (Koch) (Trombidiformes: Tetranychidae), that each contained 0.9 Ð1.1 pmol ATP (Ebina and Ohto 2007) . Further testing is required to verify the assay could be used with species such as this.
The assay usually gave objective, easily interpreted results, but occasionally produced results that were difÞcult to interpret. After exposure to a biocide, organisms usually do not die instantaneously, but accumulate physiological damage from the toxin over time (Boczek et al. 1975 , Yokoyama et al. 1988 , Cheetham 1990 ). This causes ATP production rates to gradually decline below degradation rates, so ATP eventually becomes nondetectable (Winteringham et al. 1958 , Forney et al. 1991 . In our tests, as ATP approached the minimum level detectable by the assay, staining of the supernatant became fainter, more localized within the solution, and increasingly difÞcult to dis-cern. In practice, such marginal assay results occurred infrequently and could be easily dealt with by delaying further assays for several hours until ATP in the organisms in question declined below detectable levels. Furthermore, when we have reared subsamples of populations from which marginal assay results have been obtained, no individual has ever survived, so an absence of formazan from the supernatant appears to be a conservative indicator of death. Probably, when the presence of formazan in the assay supernatant is uncertain, it is reasonable to assume a negative result. For inexperienced users, this uncertainty can be exacerbated by the occurrence of purple-stained tissue and sediment when no formazan is evident in the supernatant. Our observations indicated that staining of sediment and tissue should be ignored, and assay results scored only from the supernatant.
The cumulative process of physiological damage leading to death can be slow, and positive assay results have been obtained for surprisingly long periods after application of lethal treatments. For example, methyl bromide-fumigated M. domestica eggs took 8 Ð28 d to produce negative assay results, and up to 2ϫ longer than this to show morphological signs of death (unpublished data). Furthermore, some toxinsÕ modes of action require time for the organism to develop before mortality occurs. For example, in the insecticide trial, D. melanogaster pupae treated with pyrethroid did not die until after adults contacted the toxin on the pupariumÕs surface during eclosion. This new assay offers, for the Þrst time, a practical method for accurately measuring delays between treatment and mortality, and it will sometimes detect mortality well before morphological signs of death become apparent (unpublished data).
There is potential for viable bacteria, fungi, and plant material to produce false-positive assay results when they are present in samples containing nonviable arthropods. In practice, this was not an important issue provided some basic precautions were taken in preparing assays and observing their results. Arthropods colonized by the large masses of bacteria or fungi needed to produce false-positive results generally show clear visual evidence of colonization, are obviously not viable, and assaying them should not be necessary to conclude they are dead. When fungal hyphae were present in samples, they did not generate formazan in the assay supernatant, but the hyphae themselves became stained, which assisted in recognizing their presence. Any plant material present on arthropods was easily be rinsed off with water before conducting the assay.
We remain cautious about application of the assay for measuring the viability of arthropods treated with low O 2 , high CO 2 , or both, because insect ATP levels can be dramatically altered by these conditions, even when they are not lethal. In locust muscle, for example, ATP content dropped to 1% of normal after 2 h of anoxia, but the total adenine nucleotide pool was only reduced by Ϸ20%, indicating relatively little irreversible degradation of adenine nucleotides had occurred (Weyel and Wegener 1996) . On being returned to air after 60 min of anoxia, ATP content returned to normal levels within 20 min (Weyel and Wegener 1996) . Reduced O 2 also caused ATP levels to decline in larvae of codling moth, C. pomonella, but elevated CO 2 , in the presence of near normal levels of O 2 , caused ATP levels to increase, perhaps by inhibiting conversion of ATP to ADP (Neven and Hansen 2010) .
